The 3d-element transition metal dioxide MO 2 , peroxide M͑O 2 ͒, and superoxide MOO clusters ͑M =Sc-Zn͒, are studied by density functional theory with the B1LYP functional. The reliability of the methods and basis sets employed was tested by a reinvestigation of the monoxides, for which a database of experimental data is available. The global minima on the M +O 2 potential energy surfaces correspond to dioxide structure, the only exception being CuOO, with a superoxide structure. All Zn dioxygen clusters are thermodynamically unstable-their ground states lie higher than the dissociation limit to Zn+ O 2 . Our calculations are in favor of the high-spin configurations for the FeO 2 , CoO 2 , and NiO 2 ground states, which are still a subject of extensive theoretical and experimental studies. These assignments are confirmed by the coupled-cluster method, CCSD͑T͒, except for NiO 2 . Based on the existence of a stable NiO 2 monoanion in a 4 B 1 state, however, it can be concluded that NiO 2 in its 5 A 1 state should also be stable. The vibrational frequencies are calculated for clusters entrapped in the cubic cell of solid Ar matrix and compared with those obtained for gas-phase clusters. The matrix has no influence on the vibrations of the monoxides and most of the dioxides; however, Co and Ni-dioxoclusters interact strongly with the atoms from the noble gas matrix. The most intense frequencies in the IR spectra are shifted to lower energies and the ordering of the low-lying electronic states by stability is also reversed. According to the electrostatic potential maps, the oxygen atoms in the peroxides are more nucleophilic than those in the dioxides and superoxides. The terminal oxygen atom in superoxides is more nucleophilic than its M-bonded oxygen atom, though charge distribution analysis predicts a smaller negative charge on the terminal oxygen. TiO 2 is the only dioxide in which nucleophilic character in the vicinity of the metal cation is induced.
INTRODUCTION
The 3d elements form a number of oxygen-containing clusters and compounds with variable oxidation states of the metal cation. The reactivity of the oxides, peroxides, and superoxides is of interest to many areas of chemistry: Organometallic, surface science, catalysis, and biocatalysis. Most of the active sites in either heterogeneous or homogeneous catalysis are expected to involve a unit of larger size than just a metal-oxygen fragment; however, reliable information can be obtained from the experimental studies and theoretical modeling of transition metal ͑TM͒ oxide clusters. 1 For this reason, a large number of theoretical [2] [3] [4] [5] [6] [7] [8] [9] [10] and experimental spectroscopic studies have been devoted to the monoxides, 5, 36 dioxides, 6 peroxides, and superoxides [6] [7] [8] [9] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] of the elements from Sc to Zn. As a result of these studies, reliable reference data are available for the bond lengths, dissociation energies, dipole moments, and vibrational frequencies of the ground states of the monoxides. 1 The TM oxide clusters possess low-lying partially filled orbitals; on accepting an electron they form anions, which are in general more stable than their parent neutral clusters. Some of these monoanions, e.g., CrO − and NiO − , present a near-degeneracy problem making the unambiguous assignment of their ground state complicated; the same problem exists with the ordering of the low-lying excited states of the monoanions from the middle-and end-row elements ͑Cr-Fe, Ni, and Cu͒. 6, 10, 37, 38 The assignment of ground states for dioxides, peroxides, and superoxides is even more complicated. The IR spectra of matrix-isolated clusters are the major source of experimental data used in comparative studies. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] 36 In all these experiments, the clusters are obtained by the interaction of laser-ablated metal atoms with oxygen and a variety of species are formed in this way. For the monoxides, the difference between the gas-phase frequency and the frequency in the noble gas ͑Ar or Ne͒ matrix does not exceed 20 cm −1 ; however, it is not certain whether with larger clusters, this frequency shift would not become more significant. A combined theoretical and experimental study on the interaction of species with presumably inert noble gas matrices has shown that a number of transition metal monoxide clusters interact strongly with the nearest neighbor inert-gas at-oms. ScO + for example, formed a pentacoordinate complex with Ar, Kr, and Xe atoms from the matrix. 36 Similar results were obtained for VO 2 and VO 4 clusters; they were found to interact strongly with atoms from the Ar and Xe matrices. Two Ar or Xe atoms could coordinate to the TM center in VO 2 . The total binding energy for Ar coordination was estimated to be 0.56 eV; it was higher for Xe coordination. 39 In the present study, the low-energy minima of the dioxides MO 2 , peroxides M͑O 2 ͒, and superoxides MOO of the 3d elements ͑Sc-Zn͒ are examined by the density functional theory ͑DFT͒ formalism with the aim to study their relative stability, bonding scheme, and the ordering of their electronic states with different spin multiplicities. Molecular electrostatic potential maps were used to estimate the nucleophilic character of the oxygen atoms in the different clusters. The thermodynamic stability, vibrational frequencies in the gas phase and in an inert-gas matrix, local magnetic properties, charge density distribution, and electron affinity of the neutral species were also assessed.
METHODS
All calculations were performed with the B1LYP method, which includes local and nonlocal terms as implemented in the GAUSSIAN 03 package. [40] [41] [42] [43] The Becke oneparameter functional is closely related to the B3LYP functional, 44 the three parameters being substituted by one. B1LYP yields essentially the same results as B3LYP, at a lower cost of computer time. The standard 6 − 311+ G * basis set with diffuse and polarization functions was employed, represented as ͓10s7p4d1f͔ for the 3d element, and ͓5s4p1d͔ for oxygen. Coupled-cluster singles and doubles single-point calculations, including noniterative triples, CCSD͑T͒ [45] [46] [47] [48] [49] [50] have been performed with the B1LYP-optimized geometries for the ground state and the low-lying excited states. The relative energies calculated for the excited states correspond to adiabatic transitions. The harmonic vibrations of all optimized oxide, peroxide, and superoxide clusters were analyzed in order to reveal the nature of the stationary points obtained. The minima ͑local and global͒ on the potential energy surfaces were identified by the absence of negative eigenvalues in the diagonalized Hessian matrix. Local minima with energies higher than 1 eV above the dissociation limit to M +O 2 are not a subject of the present study. Spin contamination was estimated from the ͗S 2 ͘ expectation values by treating the DFT orbitals as single- determinant Hartree-Fock wave functions. Vibrational frequencies of the ground-state clusters and the low-lying excited states were calculated for an isolated cluster and for a cluster encaged in a cell of solid Ar. Cluster model calculations were performed with eight Ar atoms arranged as shown in Fig. 1 . The fcc cell of solid Ar is too small to accommodate TM oxide clusters without suffering a strong distortion. Therefore, we used a cage of eight Ar atoms from a cubic supercell as a starting configuration allowing relaxation. No coordinates have been fixed; the optimizations resulted in distortion of the Ar unit cell which accommodates the TM cluster. The frequencies of the imaginary vibrations, due to the incomplete cluster model and arising from movements of the Ar framework atoms only, did not exceed in absolute value ͉50 cm −1 ͉. The bond populations were examined by natural bond orbital ͑NBO͒ analysis which yields results that are rather insensitive to basis set enlargement. [51] [52] [53] [54] This method permits us to reveal both covalent and noncovalent effects in molecules. Magnetic moments at the atoms ͑͒ were calculated following the Mulliken population scheme. 55 The electrostatic potential ͑ESP͒ of the clusters was calculated from the B1LYP density and molecular electrostatic potential ͑MEP͒ maps were drawn in which areas of enhanced reactivity centers in the various clusters can be discerned. CuO and ZnO. ZnO has the lowest dissociation energy, but very high electron affinity; thus the anion ZnO − should be of much higher stability than the neutral monoxide. For CoO, NiO, and CuO the net spin density on the oxygen equals one electron. The only excited state found for ScO is a quartet with a strongly elongated Sc-O bond, Table II . The monoxides MO ͑Ti-Ni͒ in their lowest excited states have the same multiplicity as that of the ground-state monoxides. The lowest excited states of CoO and NiO are separated from the corresponding ground state by a very small energy gap: 0.30-0.36 eV. Antiferromagnetic coupling of the electron spins on M and O is observed for TiO, VO, and CrO.
Except for CrO − , CoO − , NiO − , and ZnO − , the monoxide anions have lower spin multiplicity than the neutral clusters; thus the attached electron is spin paired. Whether the quartet or the sextet state of CrO − is the one of lowest energy is still a question of debate. 5, 10, 37 In fact, the quartet and sextet states for CrO − are nearly degenerate in energy, see Table III . A recent theoretical study using complete active state multireference calculations was in favor of the 4 ⌸ ground state. 38 MnO forms monoanions in a quintet and in a septet state and according to the B1LYP results, the 5 ⌺ + state was found to be more stable, but contribution from higher-spin states is indicated by the spin-contamination value. CCSD͑T͒ places the septet state at lower energy; the energy separation from the 5 ⌺ + state is only 0.03 eV. For NiO − an energy gap of less than 0.1 eV between the 4 ⌺ + state and the 2 ⌸ state is obtained within B1LYP; however, according to CCSD͑T͒ the difference should be 0.4 eV in favor of the 4 ⌺ + state. Among the anions of the monoxides, those of Ti, V, and Cr preserve the trend of antiferromagnetic coupling of the electron spins on M and O.
Previous studies with pure DFT methods 5 were in favor of low-spin states for monoxide anions; B3LYP calculations showed that the low-and high-spin states are nearly degenerate for CoO − and NiO − . According to our B1LYP results, high-spin states contribute to the 4 ⌸ CrO − , 3 ⌺ − CoO − , and 2 ⌸ NiO − states, as seen from the high spin-contamination values, Table III . It should be also noted that the calculated vibrational frequencies differ considerably from the few available experimental data. [56] [57] [58] The vibrational properties of clusters in an inert-gas matrix are discussed below ͑vide infra͒.
Dioxides and peroxides. The ground states of dioxides and peroxides calculated by the B1LYP method are in general agreement with the results reported by other research groups, exceptions being FeO 2 , CoO 2 , and NiO 2 . In a recent BPW91 study, 59 triplet and quintet states of TiO 2 were dis- 26,27,60 The B1LYP-calculated linear configurations were identified as transition states; however, the energy barriers between local minima with bent geometry were very low. 8, 9 Thus, linear structures are able to become more stable through interactions with the inert-gas matrix. Nine possible excited states resulting from the Ni+ O 2 interaction were reported in a recent experimental Ne-matrix study and the matrix effect was recognized to be strong. 60 In the same study, a density functional without exact exchange was used for theoretical modeling ͑PW91͒, which favored low-spin states for both dioxide and peroxide clusters. The peroxide 3 B 1 state has been considered as the global minimum on the O-Ni-O potential energy surface in previous studies 2,3 -and, in fact, according to our calculations, the peroxide is separated from the dioxide's 5 A 1 ground state by only 0.24 eV. CCSD͑T͒ calculations indicate that the singlet peroxide should be more stable than the triplet one; however, a recent high-level theoretical study using internally contracted multireference configuration interaction and the locally renormalized CCSD͑T͒ method confirmed the B3LYP and B1LYP results. 61 NiO 2 forms a stable quasilinear monoanion in a quartet state ͑see Table V͒ which is an indirect proof for the existence of a stable quintet neutral cluster. Copper dioxide clusters have also been a controversial issue in theoretical studies; it is now agreed that the global minimum corresponds to a superoxide structure. 2, 6 It should be kept in mind, however, that all these discussions on the ground states are to a certain extent fictitious, because they lie very close to the M +O 2 dissociation limit. NiO 2 needs only 1.25 eV to dissociate, for CuOO the energy to dissociation is just 0.43 eV. The dioxides of the elements from the beginning of the TM row have higher stability: For Sc to V more than 5 eV are required to dissociate the ground-state dioxides. The stability drops from CrO 2 ͑4.2 eV͒ to MnO 2 ͑2.4 eV͒ and remains relatively constant up to CoO 2 ͑2.2 eV͒. ZnO 2 is endothermic-its ground state lies above the dissociation limit. These observations can be explained by the change in size of the 3d relative to the 4s orbitals. The ratio 4s / 3d in space increases from 2.03 for Sc TABLE VI. Bond lengths, bond angles, energies ͑⌬E tot -total energy difference relative to the ground state of the corresponding dioxide, see Table IV͒ , magnetic moments on atoms ͑, Bohr magnetons͒, and spin-contamination expectation value ͗S 2 ͘ for superoxide clusters MOO. 
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Structure of oxides of the 3d elements J. Chem. Phys. 128, 094307 ͑2008͒ to 3.36 for Ni, which causes near-degeneracy problems for the elements from Cr to Zn. 62 For these elements all the d-orbitals are populated, but they do not have optimal overlap with the O 2p orbitals. This results in an increased number of low-lying excited states for both the neutral dioxides and their monoanions.
The M -O bond lengths in the dioxides are relatively constant from TiO 2 to FeO 2 : 1.59-1.64 Å. The ЄOMO bond angles also do not change significantly in this range: 112°-134°. The elements from Co to Zn, however, form longer M -O bonds in their ground states and so does also Sc. The ЄOMO bond angles are larger for Co to Zn and a number of linear ͑CuO 2 and ZnO 2 ͒ and quasilinear ͑CoO 2 ͒ clusters are also found. The geometry of peroxides varies more: M -O bonds are in the range 1.78-2.05 Å; the O-O bond lengths vary from 1.29 to 1.54 Å and the bond angles from 37°to 49°, respectively.
Antiferromagnetic spin coupling at the TM center and oxygen atoms is observed in a wider range of elements, as compared to the monoxides: From Sc to Mn in their dioxide ground states and from Sc to Co for dioxide and peroxide excited states.
Monoanions of the dioxides and peroxides. In dioxide monoanions, the extra electron is spin paired, except in MnO 2 − and the singlet states of TiO 2 − and ZnO 2 − . In peroxides, no spin pairing occurs and the attached electron increases the spin multiplicity, except in Sc͑O 2 ͒ − and Ti͑O 2 ͒ − . The M -O bond is elongated in both peroxo-and dioxoclusters, and the O-O bond in peroxide monoanions is elongated as well, state is supposed to undergo a more significant change of geometry-both elongation of the Fe-O bond and opening the ЄOFeO angle are observed. The energy gain upon formation of anions is lower for the peroxides than for the dioxides, but for Mn͑O 2 ͒, Fe͑O 2 ͒, and Co͑O 2 ͒ it is more than 1.6 eV. The peroxide anion Co͑O 2 ͒ − is obtained with a minor geometry deformation from the Co͑O 2 ͒ 4 A 1 state, which is nearly isoenergetic with Co͑O 2 ͒ in the 6 A 1 state. NiO 2 forms stable monoanions of linear and quasilinear structures. The B1LYP calculations are in favor of a 4 B 1 ground state with quasilinear geometry for the monoanion; it is by 0.44 eV lower in energy than the linear monoanion in 4 ⌬ state. A linear doublet configuration is also found, but the spin-contamination value indicates significant contribution of higher-spin states. The energy separation between the two quartet states is confirmed by the CCSD͑T͒ calculations, though CCSD͑T͒ favors the quasilinear doublet.
Superoxides and superoxide monoanions. All superoxides are thermodynamically less stable than the peroxides, which are on their term less stable than the dioxides. The stability of superoxides relative to that of dioxides and peroxides increases from Sc to Zn, Table VI. It should be noted that previous studies of superoxides have reported structures with small ЄMOO angles ͑ϳ70°͒-this in reality corresponds to peroxides. A general scheme illustrating the relative stability of different oxygen species and the varieties in geometry is presented for CrO 2 in Fig. 2 . CrOO is found in two boundary superoxide structures: in a septet state with a ЄCrOO angle of 87.7°and in a quintet state with linear structure. CuOO is the global minimum for the O-Cu-O system. No peroxide could be detected with the B1LYP method; the linear oxides lie close to the dissociation limit. Sc, Ti, and V form linear superoxides. In ScOO and TiOO the spin density at the two inequivalent oxygen atoms is nearly equal, whereas for all other superoxides of the V to Zn Antiferromagnetic spin coupling at the metal and the two oxygens is observed for both the neutral and anionic superoxides for M = Sc-Co.
Superoxides State
Bonding and reactivity. The 3d, 4s, and 4p valence AOs of the transition metal and the 2s and 2p AOs of the two oxygen atoms span in C 2v symmetry the following molecular orbitals ͑MOs͒: 7a 1 +2a 2 +3b 1 +5b 2 ͑the molecule lying in the yz plane and C 2 ϵ z, as adopted by Gaussian͒; In D ϱh symmetry the MOs are 4 g + +2 g + ␦ g +3 u + +2 u ͑the molecule lying along the z-axis͒. In the C s symmetry group, valid for most of the superoxides, the MOs are, respectively, 12aЈ +5aЉ ͑ h ϵ xy ͒. According to our B1LYP study, the elements in the middle of the row ͑Fe-Ni͒ form dioxides with high-spin ground states. The valence shell electronic configuration for the 5 In superoxides, O͑1͒-oxygen atom bonded to the metal cation; O͑2͒-terminal oxygen atom.
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Structure of oxides of the 3d elements J. Chem. Phys. 128, 094307 ͑2008͒ less than 15% occupancy͒ while it is up to 50% populated at the end of the row ͑from Mn to Zn͒, Table VIII . In peroxides the trend is nearly reverse: For the Sc and Ti peroxide clusters the 4s orbital is nearly 50% occupied; the 4s population decreases for the Cr to Ni peroxides. In the superoxides the 4s orbital is at least 30% occupied for the Sc to Co superoxides. The d-orbital occupancy and the charge distribution in peroxides and superoxides follow a similar trend-however, due to the different geometry, the partial net charge at the terminal oxygen atom in superoxides is smaller than the charge at the M-bonded oxygen atom. The oxygen atoms are nucleophilic centers in all oxospecies, due to the presence of lone-pair orbitals, see Fig. 3 . A typical molecular electrostatic potential ͑MEP͒ map of a dioxide is that of CrO 2 . Only for TiO 2 , which has a lone-pair orbital, located in the plane of the Ti-O bonds away from the bond orientation, a nucleophilic region is formed in the vicinity of the Ti atom; all other TM cations are strongly electrophilic centers. The VO 2 MEP map represents a broad region of increased electron density around the oxygen atoms which is intermediate between that of dioxides and peroxides: This situation was observed for NiO 2 as well. 9 The maps of bent superoxides, represented by CuOO, reveal high nucleophilicity of the terminal oxygen atom, which is typical for all superoxides. This feature is even enhanced in linear superoxides. Charge distribution analysis suggests a rather opposite conclusion, since the partial charge at the TM-bonded oxygen atom is higher. It may be argued, however, that the ESP maps describe more accurately the lone-pair orbitals at each center and thus provide a better prediction for the chemical reactivity.
Vibrational frequencies. Experimental frequencies of gas-phase TM monoxide clusters are available and the calculated values for the gas phase and in a solid Ar matrix do not differ more than 20 cm −1 , see Table IX . The monoxides of Fe, Ni, and Cu are able to coordinate one Ar atom, which results in a shift of the stretching vibrational frequency to higher energy; however, it does not exceed 16 cm −1 . A formal criterion for the assignment of a coordination complex with Ar was the formation of a M -Ar bond of length shorter than 2.85 Å. The shortest M -Ar distance is for Cu-Ar and it is 2.42 Å. The calculated frequencies are in better agreement with experiment for the middle 3d TM elements ͑Mn-Ni͒, whereas differences of about 40 cm −1 appear for ScO to CrO, see Tables I and IX. The gas-phase data on dioxides, peroxides, and superoxides are scarce; 71 most of the spectra are recorded for species entrapped in an inert-gas matrix. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Analysis of the vibrational modes for dioxides and peroxides is based on the irreducible representation for bent geometry ⌫ =2a 1 ͑IR, R͒ + b 2 ͑IR, R͒. In the dioxides, the two a 1 -modes correspond to metal-oxygen symmetric stretching s ͑MO͒ and bending vibration ␦͑OMO͒, respectively; the b 2 -mode is the metal-oxygen asymmetric stretching vibration as ͑MO͒, which has the highest intensity in the IR spectra. For the dioxides CoO 2 and NiO 2 we find a marked discrepancy between the IR spectra of gas-phase clusters and those of entrapped species, though these dioxides do not coordinate strongly Ar atoms, ЄONiO angle, which leads to a significant frequency shift of the bending mode to higher frequency. The relative stability of the low-lying NiO 2 states is not changed by the Ar matrix. The nearest agreement of the calculated vibrational frequencies with experiment is found for the bent singlet state of NiO 2 . For the remaining elements, the differences between gas-phase calculations and solid-matrix calculations are within the error limit ͑Ͻ10 cm −1 ͒.
CONCLUSIONS
The DFT studies of the dioxide, peroxide, and superoxide clusters reveal a large number of closely spaced energy minima on the potential energy surfaces. The global minima correspond to dioxide structure; the only exception to this finding is the Cu dioxygen cluster-its global minimum corresponds to a superoxide structure, CuOO, which lies close to its dissociation energy. The dioxides are thermodynamically very stable in the beginning of the TM row from Sc to Cr as compared to the second half of the 3d elements. Notably all Zn dioxygen clusters are thermodynamically unstable.
The solid Ar gas matrix, which is mostly used for gathering spectral information on TM oxide clusters, interacts strongly with the Co and Ni dioxides. These two elements form a number of oxide, peroxide, and superoxide clusters, which lie in a narrow energetic range. The interactions of these dioxides with the Ar atoms produce a different stability ordering of the clusters and shift their vibrational frequencies. In all cluster types, the MEP maps reveal the presence of regions with high electron density at the oxygen atoms. These findings shed additional light on the reactivity of TM cation centers in oxides, participating in nucleophilic and electrophilic processes. 
